ABSTRACT Decades of selective breeding have yielded lines of poultry with substantial myofiber hyperplasia, yet little is known about what genes have been altered during the course of selection. Myostatin is a strong negative regulator of muscle mass in mice and cattle and could have been one of many genetic factors contributing to increased myofiber deposition in growth-selected lines of poultry. To test this hypothesis, the sequence and expression patterns of myostatin were analyzed in growth-selected lines of chickens and quail. The sequence of broiler myostatin cDNA, amplified via reverse transcription (RT)-PCR from embryonic muscle RNA, contained no missense mutations in the coding sequence when compared to that of White Leghorn layers, although two silent single nucleotide polymorphisms (SNP) were found.
INTRODUCTION
Myostatin (GDF-8) belongs to the transforming growth factor-β (TGF-β) superfamily of signaling molecules. Expression of the gene is restricted to the developing myotome in somites and to embryonic and adult skeletal muscle in mice (McPherron and Lee, 1997a) . Transgenic mice bearing disrupted myostatin alleles have two to three times the skeletal muscle mass as wild-type littermates, suggesting that myostatin negatively regulates muscle mass. Myostatin is highly conserved, and homologous genes have been found in every vertebrate examined including mice, human, and aves.
Myostatin has been shown to be an important regulator of muscle deposition in mammals. Two independently derived double-muscled cattle breeds, Belgian Blue and Piedmontese, have mutations in their myostatin alleles (Grobet et al., 1997; Kambadur et al., 1997; The nucleotide sequence data reported in this paper have been submitted to GenBank Submission (Mail Stop K710, Los Alamos National Laboratories, Los Alamos. NM 87545) nucleotide sequence database and have been assigned the Accession Number AF407340. 2 To whom correspondence should be addressed: ivarie@ arches.uga.edu.
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Northern analysis of myostatin transcripts from embryonic pectoralis and quadriceps showed no significant differences in expression levels between broiler and layer muscle RNA. However, levels of myostatin transcripts were greatly reduced in muscles of posthatch chicks compared to embryonic muscle. Myostatin protein was also present in broiler and layer embryonic muscle at similar levels. No significant polymorphisms or differences in RNA expression levels were found in embryonic muscles of divergently selected lines of Japanese quail. These results indicate that intense artificial selection in these growth-selected lines of poultry has neither silenced the expression of myostatin nor created null alleles via mutation in the lines analyzed.
and Lee, 1997b) . These mutations map to the same chromosomal location as the muscle hypertrophy (mh) locus (Charlier et al., 1995) , implying that disruption of myostatin signaling in these cattle leads to increased muscle mass. Selection for increased muscle density in mice gave rise to the compact (Cmpt) allele, a deletion in the Nterminus of myostatin (Szabo et al., 1998) . In addition to mutations in the myostatin gene, expression levels have also been shown to negatively correlate with muscle mass and deposition. For instance, HIV-infected men with muscle-wasting disease have elevated levels of myostatin in their serum (Gonzalez-Cadavid et al., 1998) ; in longissimus muscle tissue, myostatin mRNA levels were 65% higher in low birth-weight runt piglets vs. normal littermates (Ji et al., 1998) .
Poultry breeders have been artificially selecting heavily muscled chickens since the 1950s. Body weight in poultry, as in other species, is a polygenic trait, and selection to yield contemporary broilers has produced chickens with fast growth rates and increased muscle deposition. When compared to a lightly muscled line of chickens such as White Leghorn layers, broilers not only have substantially increased muscle mass but also increased skeleton and other organs, suggesting that pleiotropic growth factors are responsible for the increased growth rates (Aberle and Stewart, 1983; O'Sullivan et al., 1992) . In addition to chickens, lines of Japanese quail have been genetically selected from a control C line for increased (P line) and decreased (Line 54) growth rates. After more than 100 generations of selecting for high body weight at 4 wk of age, the P line quail showed significant myofiber and myonuclear hyperplasia with nearly threefold increase over the control line (Fowler et al., 1980; Campion, et al., 1982; Ricklefs and Marks, 1985) . By contrast, 54 generations of selection for low body weight at 4 wk of age in Line 54 quail resulted in substantial myofiber hypoplasia. It is not known which genetic factors specifically contribute to this increased and decreased muscle mass in poultry.
Because of its large effects on muscling, we have asked whether altered expression of myostatin contributes to myofiber hyper-or hypoplasia in growth-selected lines of poultry. We report here on the coding sequence, RNA transcript levels, and protein expression levels of myostatin in growth-selected lines of chickens and quail. The results indicate that myostatin expression is not altered in the broiler chickens analyzed or in growth-selected lines of Japanese quail, and the gene has not been inactivated by mutation.
MATERIALS AND METHODS

Poultry Lines
Broiler eggs were obtained from a cross of Arbor Acres/ Peterson Meat.
3 Eggs from White Leghorn layers and Lines 54, C, and P Japanese Quail (Couturnix couturnix japonica) were obtained from the Southern Regional Poultry Genetics Laboratories at the University of Georgia. Eggs were incubated at 39.5 C at 50 to 60% humidity with hourly rocking through 60°. All birds were cared for in accordance with the University's Animal Care and Use Committee policy and were killed by cervical dislocation.
RNA Isolation
RNA was extracted from various tissues by homogenization with a polytron in RNA STAT-60 4 according to the manufacturer's protocol. Muscle weights prior to pooling were as follows: broiler D10 pectoralis = 20.91 ± 3.25 g (mean ± SE) vs. layer D10 pectoralis = 5.12 ± 0.51 g, and broiler D10 quadriceps = 12.66 ± 2.24 g vs. layer quadriceps = 3.76 ± 0.23 g. Tissues from three embryos or chicks were pooled before RNA extraction. RNA concentrations were measured by absorption at an optical density of 260 nm in a Spectronic Genesys 2 spectrophotometer 5 and were stored at −80 C until use.
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Harrison Poultry, Bethlehem, GA. (5′-CGCGGATCCAAAGGCAAAAAGCTGC-AGTG-3) and Mstnr2 (5′-CGCGGATCCTTTCAAAGAT-GGATGAGGGG-3′) with BamHI sites at the 5′ ends. Cycles were as follows: 50 C for 30 min, followed by 10 cycles of 94 C for 30 s, 55 C for 30 s, 68 C for 90 s; 25 cycles of 94 C for 30 s, 55 C for 30 s, 68 C for 90 s plus 5 s elongation per cycle; and then 68 C for 7 min. Mstnf1, Mstnr2, and two other internal myostatin primers, Mstnr4 (5′-TTGCAGCACTGTCTTCACATC-3′) and Mstnf5 (5′-CCAGATATACTGGAATTCGATCTTTG-3′) were used to sequence both strands of six independent myostatin RT-PCR products from broiler RNA. Sequencing was by using Big-Dye Terminator reactions at 0.5 dilution on an ABI/PE 3700 sequencer. DNA sequence contigs were assembled by Sequencher 3.0 software and were aligned with the published White Leghorn myostatin cDNA sequence (GenBank accession number AF019621). Quail myostatin cDNA (GenBank accession number AF407340) was amplified by using chick primers MSTNf1 and MSTNr3 (5′-ATGGATTCCCGACCGAAACT-3′) as described above.
Northern Analysis of Myostatin Transcripts
A template for synthesis of a myostatin riboprobe was prepared by cloning a RT-PCR amplified White Leghorn myostatin cDNA into the BamHI site of pBluescriptKSII. The resulting plasmid, pBS-WL-Mstn, was linearized with NheI and used to synthesize a 1,230 nucleotide antisense myostatin DIG-labeled riboprobe using T7 RNA polymerase according to the manufacturer's protocol. 6 RNA samples were electrophoresed on 1% agarose/2% formaldehyde gels and transferred to nylon membranes. Hybridization and DIG luminescent detection were carried out according to the manufacturer's protocol. 6 Quantitative analysis of myostatin mRNA levels was determined by densitometry. Bands (n = 3) representing myostatin were scanned and normalized to background on the autoradiograph. Student's t-test was used to compare band intensities between broiler and layer samples. To compare band intensities of different tissues and their intensity over time, the Kruskal-Wallis test was used.
Antibody Production and Protein Detection
A 16-amino acid epitope from the C-terminal fragment of myostatin (amino acids 350 to 375) was synthesized as a MAP peptide (PDM072) and used to immunize rabbits for the production of polyclonal antibodies. Myostatin reactive antibodies were purified by column chromatography over Sepharose conjugated to PDM072 (Harlow and Lane, 1999) . Tissues were lysed by homogenization with a polytron in ice-cold RIPA buffer (1× PBS, 1% vol/vol Nonidet P-40, 0.5% wt/vol sodium deoxycholate, 0.1% wt/vol SDS, Complete protease inhibitor cocktail 6 ). After centrifugation at 10,000 × g for 10 min at room temperature; supernatants were stored at −70 C until use. Recombinant myostatin expressed in cultured chicken whole-embryo fibroblasts (WEF) were used as controls in Western blotting. Full-length chicken myostatin cDNA was cloned into the eukaryotic expression plasmid pCMV to create pCMV-MSTN. Vector alone (pCMV) or pCMV-MSTN was transfected into WEF in six-well dishes; conditioned medium was collected 48 h after transfection. Samples (100 µg tissue lysate, 10 µl of conditioned WEF medium) were electrophoresed on 12% SDS polyacrylamide gels, transferred to Immobilon-P membranes, 7 incubated with anti-myostatin primary antibody (1:1000) and goat antirabbit-POD conjugated secondary antibody, 6 and detected by ELC according to the manufacturer's protocol.
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RESULTS AND DISCUSSION
Equivalent Muscle-Specific Expression of Myostatin in Broilers and Layers
In mice, expression of myostatin is limited to muscle and the developing myotome (McPherron and Lee, 1997a) . To determine whether the same holds true in chickens, RNA was extracted from heart, brain, liver, and pectoralis of embryonic Day (E) 10 broiler and White Leghorn embryos and analyzed by Northern blotting. As shown in Figure 1 , expression was limited to skeletal muscle.
Although differences in embryonic body weight and muscle content of growth-selected poultry can be detected in ovo (Marks, 1975; Lilja et al., 1985; Lilja and 7 Millipore, Bedford, MA. Olsson, 1987; Lilja and Marks, 1991), the major period of muscling occurs after hatch. We therefore examined the levels of myostatin expression in embryonic and posthatch muscles of broilers and White Leghorn layers at Days 10 and 18 of development and at 10 d posthatch. At Day 10, pectoralis and quadriceps of broilers weighed 4.1-fold and 3.3-fold more than layer pectoralis and quadriceps. As illustrated in Figure 2 , the level of myostatin mRNA varied during the course of embryonic development and posthatch growth with greater levels in E18 RNA and greatly reduced levels after hatch when secondary myofiber deposition is accelerated.
At any one time, myostatin expression was higher in pectoralis than in quadriceps. It also appeared, qualitatively, that no differences in the levels of myostatin transcripts were detected between broilers and layers at any of these times. To confirm this conclusion, myostatin transcript band intensities were measured by densitometry ( Figure 3) . As judged by Student's t-test, there was no statistically significant difference in the levels of myostatin transcripts between broilers and layers measured at the same times. However, there were significantly higher levels of myostatin mRNA in pectoralis than in quadriceps at each time point. The lower levels of myostatin expression in quadriceps may be important to allow faster embryonic development of the leg muscles, which are required for mobility at hatch.
Myostatin Gene Is Not Inactivated by Mutation in Arbor Acres/Peterson Broiler Offspring
Although the myostatin gene is expressed normally in broilers as compared to layers at the transcript level, the myostatin gene might have been inactivated by mutation in the coding sequence during the course of artificial selection in the Arbor Acre and Peterson pedigree lines. To test this hypothesis, myostatin cDNA were amplified by RT-PCR from E10 broiler pectoralis and sequenced, and their sequences compared to the published sequence of White Leghorn myostatin. No mutations were detected that would have changed the coding sequence of the gene. However, two silent mutations were found in the third position of the R65 codon (C254G) and the K78 codon (G293A). Whether these single nucleotide polymorphisms arose in one or the other of the parent lines is unknown. Regardless, the broiler alleles encode wild-type myostatin protein.
Myostatin Protein Levels Are the Same in Embryonic Muscle of Broilers and Layers
The foregoing results implied that transcription of the gene and processing of its transcripts have not been altered detectably by artificial selection for body weight and carcass composition in the two parental breeder lines. To determine whether the level of the myostatin polypeptide in embryonic muscles was different between the broilers and layers, E10 muscle extracts were subjected to SDS-PAGE and analyzed by Western blotting with an affinity-purified rabbit anti-myostatin polyclonal antibody. Pre-immune serum served as a control. The ability of the antibody to recognize the secreted form of myostatin was also assessed by transfecting WEF from Hamilton and Hamburger stage 16 chick embryos (Kuwana et al., 1996) with and without a plasmid containing myostatin cDNA fused to the CMV promoter. Medium from each transfection was then analyzed by Western blotting, and the results are illustrated in Figure 4 . A 14-kDa band of similar intensity was detected in the protein extracts from E10 pectoralis of broilers and layers that was absent from the pre-immune serum control blot. Furthermore, the anti-myostatin antibody detected a 14-kDa band in the medium from WEF transfected with the expression vector but not in the medium from mock-transfected control cells. Taken together, these results indicate that similar levels of myostatin protein occur in E10 pectoralis of broilers and layers analyzed.
Myostatin Expression in Divergent Lines of Growth-Selected Japanese Quail
In the foregoing experiments, the control random-bred population from which the two broiler lines had been selected was not available for analysis, necessitating the use of layers as a control. Thus, we analyzed Marks' lines of Japanese quail divergently selected for body weight at 4 wk posthatch because the control, random-bred C line from which the lines were derived, was available for comparison (Marks, 1975; Fowler et al., 1980; Lilja and Olsson, 1987; Marks, 1988; Lilja and Marks, 1991) . When muscles were sampled, the rapidly growing P line was in its 110th generation of selection, whereas the slowgrowing Line 54 was in its 54th generation of selection. To determine the relative myostatin transcript levels, RNA extracted from E10 pectoralis and quadriceps of Lines P, L, and C were analyzed by Northern blotting ( Figure  5 ). As was found for broilers and layers, no detectable differences were observed among the three quail lines in the level of myostatin expression.
To determine whether the quail myostatin gene (qMSTN) has undergone an inactivating mutation in the P line, quail myostatin cDNA was amplified by RT-PCR from total pectoralis RNA by using primers for chick myostatin. Two single nucleotide polymorphisms (C928A and C1114T) in the coding sequence were detected in the P line, both of which are silent changes. The C1114T mutation was also detected in Line 54, suggesting that the nucleotide change occurred in the control line before the divergence of the quail in Lines P and 54 quail. However, not enough birds were analyzed to confirm this possibility. Regardless, no inactivating mutation in the myostatin gene has occurred during the growth selection of these Japanese quail. 
Unaltered Levels of Myostatin Expression in Growth-Selected Poultry
We have shown here that no difference in the expression pattern of the myostatin gene was detectable at the transcript and polypeptide levels between broilers and layers. Furthermore, no inactivating mutation was detected in the alleles expressed in the Arbor Acres/Peterson parent line cross. A similar result at the sequence and transcript levels was observed in Marks' lines of divergently selected Japanese quail compared to the unselected control line. These observations indicate that transcriptional and post-transcriptional control of the gene's expression has not been a target in broiler selection experiments. It is still possible that other steps in the myostatin signaling pathway have been altered during selection. One candidate would be the myostatin receptor, assuming other members of the TGF-β receptor superfamily do not mediate the effects of myostatin. It has recently been reported that the mouse activin type IIB receptor (Act-RIIB) can bind myostatin and that a dominant negative ActRIIB induces increased muscling in transgenic mice (Lee and McPherron, 2001) .
Our results also show that during the course of embryonic muscle development, the levels of myostatin change. The level of myostatin expression in posthatch muscle growth was substantially reduced compared to levels of myostatin expression in embryonic muscle, which may reflect that muscle growth and differentiation need to be kept in check in ovo where embryo growth is volumerestricted. At hatch, muscle growth is accelerated and correlates with down-regulation of myostatin expression. This is the result expected for a negative regulator of muscle growth and differentiation. Because recombinant myostatin inhibits proliferation of murine C2C12 myoblasts (Rios et al., 2001; Taylor et al., 2001) , perhaps high levels of myostatin in embryonic muscle slows myotube formation by reducing the number of myoblasts available for fusion, whereas low levels in posthatch muscle allow greater myoblast proliferation and differentiation.
Finally, one unanswered question is why the myostain gene has not been genetically inactivated during the course of intense selection by breeders of these broiler lines. Naturally occurring mutations in the gene in cattle and mice exhibit complex inheritance patterns. In cattle, two mutations arose independently (Mennisier, 1982) in the 19th century in the Piedemontese and Belgium Blue lines of cattle and were eventually fixed. Both traits appear to be incompletely dominant. In mice, the compact gene is of intermediate dominance in males but fully recessive in females (Vargo et al., 1997 ). Yet in genetically engineered mice, targeted disruption of the gene is recessive to wild type (Lee and McPherron, 2001) . Regardless, any inactivating mutation in chickens that would cause excessive growth in ovo is likely to be detrimental because of the restricted volume of the egg. As shown here, chicken myostatin expression is unaltered and the gene is wild type in analyzed broiler breeder lines, which may imply that the gene functions in a different manner in birds than in mammals, although its high conservation suggests otherwise. This issue will eventually be solved once methods are available to disrupt the gene in birds via homologous recombination.
